The first 60-min phase of inflammatory ascites formation was studied by intraperitoneally (i.p.) administered macromolecular inducers: yeast cell wall zymosan binds to specific macrophage receptors, polyethyleneimine (PEI) and concanavalin A (ConA), produces non-covalent cross-links on the surface of various cells, while λ-carrageenan may function as a contact activator. Depletion of peritoneal macrophages was performed by overnight pretreatment with diphtheria toxin in transgenic mice, resulting in a significant (p < 0.01) decrease in the induced formation of ascitic fluid. It was shown that induced ascites is mediated partly (PEI, ConA, and carrageenan) or completely (zymosan) by peritoneal macrophages. Inhibition of prostanoid synthesis with indomethacine or of the kallikrein/bradykinin system with aprotinin also produced a significant (p < 0.01) but incomplete inhibition. A slight additivity occurred between the different inhibitory effects. In another series of experiments, the i.p. administration of bradykinin (without a macromolecular inducer) also produced marked ascites, which was not affected by macrophage depletion. The origin of the macrophage-independent part of the induced ascites is best explained by the deformation of the mesothelial cell surface, resulting in signal transfer to the underlying endothelium and the passage of ascitic fluid in the opposite direction. The soluble mediators are represented by prostanoids, bradykinin and other, unidentified agonists.
Introduction
The peritoneal fluid originates mainly from the subperitoneal vessels of the intestines and provides lubrication for the movements of the abdominal organs. The peritoneal macrophages function as sensors and destroyers of microbes and other noxious agents.
In an earlier study [1] , a series of macromolecules was tested for ascitesinducing effect [2] . Slowly absorbed macromolecules were used whose effect was mainly restricted to the peritoneal cavity during the period required for the accumulation of protein-rich ascitic fluid. In the present work, four macromolecules were selected for the induction of inflammatory ascites: two complex carbohydrates (zymosan and γ-carrageenan), a polycation [polyethyleneimine (PEI)], and a plant lectin [concanavalin A (ConA)]. Cellular and molecular mediation of the process was studied in macrophage-depleted and control mice during the first hour of inflammatory ascites, still before the major influx of leukocytes.
Materials and Methods

Chemicals
All chemicals were purchased from SIGMA. The stock solution of 1 mg diphtheria toxin (DT) was supplemented with 2 mg bovine serum albumin to decrease attachment to plastic surfaces. PEI (m.w. 750,000) contained 50% water; the dose was calculated to dry matter. Both inducers and inhibitors were dissolved in physiological saline. ConA was dissolved immediately before each experiment. Indomethacine was first solubilized with Trisma, then a drop of Tween 80 was added, and the pH adjusted to 7.4 with crystalline H 2 NaPO 4 .
Animals
Macrophage-depletable, SPF mice of the FVB-Tg(ITGAM-DTR/EGFP)34Lan genetic construction were purchased from Jackson Labs (Bar Harbor, Maine). The macrophages of this strain, primarily the peritoneal ones, had been sensitized to DT by insertion of a section of a simian gene [3] . The mice were bred in our animal house, then kept in cages, fed with commercial chow, and had free access to water.
The experiments complied with the Hungarian Animal Welfare Act XXVIII/ 1998 and Decree 243/1998 (amended in 2012) and were approved by the Veterinary Office of Somogy County 1126/001/SOM/2005, Budapest 175/2011, and by the local ethics committees.
Experimental protocol
Female mice were used for the experiments, when they reached 20 ± 0.5 g body weight. The macromolecular inducers were injected intraperitoneally (i.p.) in 0.1 ml physiological saline: PEI (10 mg/kg b.w.), zymosan, γ-carrageenan, and ConA (25 mg/kg b.w.). Sixty minutes later, the mice were decapitated under ether anesthesia, the abdomen was opened along the linea alba, and the ascitic fluid was carefully collected with a pipette, always by the same person. The volume was measured by pipetting the fluid into another Eppendorf tube and expressed as % of body weight.
The inhibitors, namely indomethacine (8 mg/b.w) and aprotinin (100 mg/b.w.), were injected subcutaneously (s.c.) in 0.1 ml physiological saline, 20 min before the induction. Depletion of peritoneal macrophages was performed by s.c. injection of 10 ng/g b.w. DT in 0.1 ml physiological saline, 18-20 h before the experiment. Untreated mice of the same strain were used as control. Before the first experiment, the effectiveness of the toxin was checked with Giemsa staining of peritoneal smears.
In another experimental series, bradykinin was used as an i.p. challenge (40 mg/kg b.w.) in 0.1 physiological saline. The mice were killed 40 min later.
Statistics
Significance of differences was calculated with analysis of variance (least significant difference) of the SPSS program.
Results
Series A: 60-min experiments with macromolecular inducers
Induction of ascites without any additional treatment was used as positive control (Figures 1-4 ). Three kinds of negative control groups were used. Little peritoneal fluid could be collected in the control group injected i.p. with physiological saline (Figure 1 ). Macrophage depletion or the combination of s.c. aprotinin and indomethacine decreased the volume of peritoneal fluid to values close to zero, which represents a small but significant decrease (p < 0.05) as compared with the "saline only" group ( Figures 1 and 2 ).
Macrophage depletion with DT markedly and significantly (p < 0.01) decreased the accumulation of peritoneal fluid with each of the inducers (Figures 1-4 ). In the experiment with zymosan, the fluid volumes fell to the level of the i.p. saline control (Figure 1 ). Both indomethacine and aprotinin significantly (p < 0.01) inhibited the ascites with each of the inducers (Figures 1-4 ). In the experiments with zymosan and carrageenan, combination of the inhibitors produced a slight, but significant (p < 0.05) additive effect ( Figures 1 and 2 ) without achieving complete inhibition.
In the experiment with ConA ( Figure 4 ), depletion of macrophages was combined with the use of inhibitors. Indomethacine and depletion had a slight additive effect (p < 0.05), but the combination of depletion with aprotinin did not show additivity. Figure 5B ) eliminated the difference. Combination of indomethacine with bradykinin had no significant effect ( Figure 5 ). In the bradykinin-treated groups (except in the macrophage-deleted one), a small clump of clot was formed regularly in the collected fluid. In the negative control group, the absorption of i.p. saline was not completed at 40 min, and its disappearance was markedly accelerated (p < 0.05) in the macrophage-depleted mice ( Figure 5 ). In addition to the well-known effect of zymosan and carrageenan, a systematic screening of macromolecules for the ability to induce peritoneal exudation was performed in earlier experiments [1] . These macromolecules interact differently with cell membranes and/or receptors and provide means to study the process, focusing on the first hour, before the major influx of leukocytes occurs [2] . In the experimental series A, four different macromolecules (zymosan, λ-carrageenan, PEI, and ConA) were administered i.p. in doses that exerted a submaximal effect. In the macrophage-depleted mice, the inductions were significantly (p < 0.01) less effective as compared with the positive control (Figures 1-4) . In the experiment with zymosan, the volume of the ascitic fluid decreased to the level of the saline control (Figure 1 ). It is concluded that [4] demonstrated that carrageenan-induced pleurisy was mediated by the prostaglandin receptors EP2, EP3, and IP. In the present work, a cyclooxygenase inhibitor (indomethacine) and a kallikrein inhibitor (aprotinin) were used in maximally effective doses. Both inhibitors significantly (p < 0.01) decreased the volume of the collected ascitic fluid (Figures 1-4) as compared with the positive control, but complete inhibition could be achieved neither with the inhibitors used singly nor in combination. It is concluded that both the prostanoid and the kallikrein/bradykinin systems have an important role in the mediation of induced ascites, but other, unidentified mediators also take part in the process. It is known that bacterial lipopolysaccharides release several cytokines from macrophages [5] . However, Escherichia coli lipopolysaccharide did not produce ascites within the first hour after treatment [6] . The contribution of nitric oxide [7] or mast cell histamine [8] was also excluded. In some of the experiments, the inhibitory effects were slightly additive, but complete inhibition could not be achieved either by the combination of the inhibitors or by the combination of depletion with one of the inhibitors.
Series B: 40-min experiments
The accumulation of peritoneal fluid requires a substantial time period after induction. Most of the possible mediator molecules cannot be directly tested due to rapid degradation and/or absorption. However, the molecular size of bradykinin (a nonapeptide) enabled testing when applied in a high dose for a shortened incubation period. In the present experiments, i.p. bradykinin had a marked ascites-inducing effect, which could not be inhibited by indomethacine or by depletion of macrophages. The findings of these experiments are in agreement with the results of the macromolecular inductions and support the notion that the kallikrein-kinin system is one of the mediators of the induced ascites.
In the groups treated with i.p. bradykinin, a small clump of clot consistently appeared in the tubes containing the collected ascitic fluid, which was in agreement with the known procoagulant effect of bradykinin [9] . The passage of the high molecular weight fibrinogen required an enlargement of the pore diameter. From the small clots, the fluid could be sucked out with the pipette and therefore the measured fluid volume was not affected. When macromolecular inducers were used (series A), the peritoneal fluid was always devoid of clot.
Communication between the mesothelium and the endothelium
The mesothelial lining and the underlying extracellular material are permeable to water, protein, and other solutes, and the passage is regulated at the endothelium of subperitoneal vessels [10] . Opening of endothelial pores [11] allows the passage of fluid from the plasma to the peritoneal cavity. The signaling molecules take the opposite route, i.e., from the peritoneal macrophages to the endothelium. In earlier experiments, the lectin-aggregated macrophages attached to the mesothelium and produced a marked local effect [2] . The released signaling molecules may diffuse across the mesothelium to the capillaries. However, the mesothelium appears to be more than a simple filter, because it is able to release prostanoids [12, 13] and bradykinin [14] , and it responds to the latter [15] .
Zymosan is composed of β1,3/1,6 glucan and α/β-mannan and binds to specific receptors on the surface of macrophages [16] , which are the cellular mediators of zymosan-induced ascites (Figure 1) . Although the other inducers used in the present experiments cannot recognize specialized receptors, their effect is also partly mediated by peritoneal macrophages (Figures 2-4) . However, the question arises about the cellular mediation of the macrophage-independent part of the ascites.
The backbone of γ-carrageenan is composed of alternating galactose and 3,6-anhydrogalactose units. Its rigid, helical structure is highly sulfated and able to bind milk proteins [17, 18] . It is known that several negatively charged organic or inorganic surfaces activate membrane prekallikrein [19] . Carrageenan may belong to this group of substances. As a comparison, the negatively charged, but non-sulfated poly-DL-glutamate is completely devoid of ascites-inducing ability [1] .
The tetravalent ConA binds to α-mannosyl residues [20] present on cells in the peritoneal cavity, including macrophages [21] and mesothelial cells [22] [23] [24] [25] . The polycationic PEI electrostatically attaches to the negatively charged cell surface, namely to the terminal N-acetylneuraminic acid residues of the glycosyl side chains.
The ability of both ConA and PEI to form non-covalent cross-links is an absolute requirement for the production of peritoneal exudate. The mostly monovalent succinyl-ConA or the small molecular cationic substances lack an inducing effect [1] . The membrane glycoproteins are floating in the liquid crystalline lipid phase and aggregation is prevented by mutual repulsion of the negative charges. Cross-linking of glycoproteins may result in their aggregation, deformation of membrane structure, and activation of membrane-buried [26] prekallikrein and/or membrane-bound phospholipase C. A similar membrane-deforming effect might have occurred in the experiment with carrageenan.
Conclusions
The origin of the macrophage-independent part of the induced ascites is best explained by the deformation of the mesothelial cell surface, resulting in signal transfer to the underlying endothelium and the passage of ascitic fluid in the opposite direction. The role of mesothelial cells in transperitoneal communication requires further studies.
